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Chapter 1

|ntroduction to iDyn

iDyn is a library for computing kinematics and dynamics of seliféds chains of revolute joints ari€ub
limbs. It started as an extension of ttan library, with the purpose of including the dynamic desdadpt
of the links, and gradually evolved until considering theolehbody dynamics. Thus, starting from links
(from iKinLink to iDynLink) the library provides classes for links, chain of links, aygheric limbs. Of
course,Cub limbs are included, with the specific kinematics and dynardiata already set (by default,
the CAD parameters).

The library also provides a Newton-Euler based method tgeaetforces, moments, and joint torques,
for each link in single or multiple interconnected chaimspiesence or not of FT sensors, placed anywhere
in the chain (e.g. in the middle of the chain).

1.1 Library modules

The library modules are:

e RecursiveNewtonEuler : force/torque computation in a chain using Newton-Euleursive formu-
lation, both in the forward/backward sense

e iDynlnv : estimation of force/moment measured by a virtual FT seplksmed everywhere in a chain
e iDynFwd : retrieve joint torques of limbs with single FT sensor meaments
e iDynBody : whole body dynamics, i.e. interconnection of multiple icisa

e iFC : projection of forces along the chain

1.2 Dynamicscore

The base classes describing serial links chains are:
e iDynLink : alink with kinematic and dynamic characteristics
e iDynChain : a chain of serial links, with kinematic and dynamic projesrt
e iDynLimb : a generic limb, described by a chain

Note thatiDynLink andiDynChain are derived from the corresponding classEm{ink andiKinChain
) in theiKin library, so they provide both kinematic and dynamic datamethods.iDynLimb is, as in
iKin , a redefinition oiDynChain methods, used to protect some chain didgnLink is an extension of
iKinLink , since it adds the dynamic parameters of the link:

e He (HC,COM) : the center of mass, i.e. a roto-translationalrixnatefining the COM with respect
to the link frame



e m (m): the link mass, concentrated in the COM
e [ (I): the inertia matrix of the link

and the other characteristic variables used for dynamics:

¢ (dg, dAng) : the joint velocity

¢ (ddq, d2q, d2Ang) : the joint acceleration

w (wW): link angular velocity

w (dw): link angular acceleration

P (ddp): link linear acceleration

Po (ddpC): the COM linear acceleration

f (F): link force

1 (M or Mu): link moment

7 (Tau): joint torque

A iDynChain is basically a list of links; the main difference with respexiKin is that blocked links con-
tribute to the dynamics, so there’s no need to have a secstrtd fiasten dynamic computations. However,
sinceiDynChain inherits fromiKinChain , blocked links are considered for the Jacobian computation
which is unchanged. One of the advantageggh is the possibility to interconnect multiple limbs, and
iDynChain provides methods to compute a “shared” Jacobian: this teiflibe discussed in thedynBody
module.

1.3 iCub limbs

Of courseiCub parts/limbs (see Fig. 1.1) are already available to the, ypserconfigured with the CAD
parameters:

e iCubArmDyn : left/right arm ofiCub (arm + torso, with blocked torso asiikin)
e iCubArmNoTorsoDyn: left/right arm of theCub (only arm)

e iCubTorsoDyn: torso ofiCub

e iCubLegDyn: left/right leg ofiCub

e iCubLegNoTorsoDyn: left/right leg ofiCub without the torso roto-translation
e iCubEyeDyn: left/right eye ofiCub

e iCubEyeNeckRefDyn head ofiCub

e iCublnertialSensorDyn the inertial sensor in thi&Cub head

e iCubNecklInertialDyn: head ofiCub



Figure 1.1:iCub 's whole body, with evidence of the limbs: head, left and tigim, torso, left and right
leg.

Limb N | DOF | Head | Torso Arm Leg Eye
iCubArmDyn 10 012 | 3456789
7 0123456
iCubArmNoTorsoDyn| 7 7 0123456
iCubTorsoDyn 3 3 012
iCubLegDyn 6 6 012345
iCubLegNoTorsoDyn| 6 6 012345
iCubEyeDyn 8 345 012 67
5 012 34
iCubEyeNeckRefDyn| 5 5 012 34
iCublnertialSensorDyn 7 3456 | 012
6 345 012
iCubNecklinertialDyn | 4 3 012
3 012

Table 1.1: iCub Limbs: the numbebs- 9 refer to the joints index in each limb’s link list.



Limb Hy—

iCubArmDyn HO0(0,1)=-1, HO(1,2)=-1, HO(2,0)=1, HO(3,3)=1
iCubArmNoTorsoDyn HO = eye

iCubTorsoDyn HO = eye

iCubLegDyn HO = eye, HO(2,3)=-0.1199, HO(1,3)=0.0681 (right) / -0.0gk&ft)

iCubLegNoTorsoDyn| HO = eye, HO(2,3)=-0.1199, HO(1,3)=0.0681 (right) / -0.0§kft)

iCubEyeDyn HO0(0,1)=-1; HO(1,2)=-1; HO(2,0)=1; HO(3,3)=1;
iCubEyeNeckRefDyn HO(0,1)=-1; HO(1,2)=-1; HO(2,0)=1; HO(3,3)=1;
iCublnertialSensorDyr HO0(0,1)=-1; HO(1,2)=-1; HO(2,0)=1; HO(3,3)=1,
iCubNecklInertialDyn

HO = eye

Table 1.2: The base roto-translational matrix in the iCufnlhs




Chapter 2

RecursiveNewtonEuler

RecursiveNewtonEuler is a collection of base classes for computing forces/tsdneone or multiple
iDynChain , using Newton-Euler recursive formulation. The classes ar

e OneLinkNewtonEuler a base class for computing forces and torques in a serkathain
e BaseLinkNewtonEulera virtual base link
e FinalLinkNewtonEuler a virtual final link

SensorLinkNewtonEulera virtual sensor link

OneChainNewtonEulera class for computing forces and torques iDgnChain

iCubArmSensorLink a virtual sensor link on thECub arm, for the arm FT sensor

iCubLegSensorLink a virtual sensor link on theCub leg, for the leg FT sensor

2.1 Description

The main class which handles the computations of kinematicverench variables in thidynChain
is OneChainNewtonEulerwhereagOneLinkNewtonEulers the base element class that provides all the
Newton-Euler formulas to be applied between i®gnLink .

The kinematics variables are:

e w (w): link angular velocity

e  (dw): link angular acceleration
e { (ddp): link linear acceleration
The wrench variables are:

e f (F):link force

e 1 (M or Mu): link moment

e 7 (Tau): joint torque

Since these quantities belong to the description iyamlLink , eachOneLinkNewtonEulers basically
a container of functions, pointing to itBynLink to retrieve the data for the computations. A graphical
representation is shown in Fig. 2.1.

OneChainNewtonEulatefines a chain obneLinkNewtonEulecorresponding to aibynChain : it
constructs a chain with a Bas®, OneLinks corresponding to th€ links of theiDynChain , and a Final
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Figure 2.1: AOneChainNewtonEulerconsisting of éBaseLinkNewtonEuley a FinalLinkNewtonEuler
and manyOneChainNewtonEulereach pointing to its correspondiiigynLink in aiDynChain .

link. Differently from OneLinkNewtonEuler BaseLinkNewtonEuleandFinalLinkNewtonEuleare “vir-
tual” links, i.e. they do not have a correspondibgnLink , but have the same features ddaeLinkNew-
tonEuler, in particular all the methods to be used for the applicatibiNewton-Euler algorithm. It is
important to stress that they are necessary for the corpgtication of the recursive computations, since
they are used to initialize the two phases of the Newton4Ealtgorithm. Moreover, as discussed later on,
they will be necessary for the interconnection of multipj@amic chains, where kinematic and wrench
information are “shared” or “propagated” (sé&/nBody ).

The Newton-Euler algorithm consists of two phases:

e akinematic phase, where the kinematic variables of the links are computed‘prmpagated” from
the base link to the final link

e awrench phase, where the wrench variables of the links are computed anodqgated” from the
final link to the base link

In the classical formulation, the base link is a “virtualilliat the beginning of the manipulator chain (i.e.
before the first link, or link< 0 >), whereas the final link is a “virtual” one at the end of theioHasually
the end-effector), so the kinematic variables are progadbrward” (from base to end) and the wrench
variables are propagated “backward” (from end to base).adlgical representation of the two phasesiisin
Fig. 2.2.

kin kin

0

+M

wO0,dw0,ddp0

wre

Fn Mn

Figure 2.2: Kinematic and Wrench phase in the classical Nes#uler algorithm, when solving a single
dynamic chain.

Note that the distinction Base/Final is significant for tb&usion of a single chain, since it determines
the starting point for the kinematics and wrench phase. Tétendtion is also related to the kinematics of
the manipulator, since it follows the kinematics descoipf the manipulator, from a base (where a certain
roto-translational matri¥/, could be set) through all the links (defined by their Denéiattenberg matrix)
to the final link (usually, the end-effector where the mogthef external interactions occurs). In particular,
the kinematic variables are set in the Base, while the wrenttte Final link. They can be simply external
measurements (e.g. a FT sensor is placed on the end-effectibre result of some computations (e.g.
from other chains).



2.2 A FT sensor in thechain

The FT sensor presence is crucial. If the chain is not pravidith a FT sensor, a “virtual” sensor is
assumed on the end-effector, and the external wrench is getrd: this is, as an example, the case of a
limb moving without constraints (collisions, interact®)rin the space, when there are not external forces
measured at the end-effector (or they are null). If a FT saeswvailable, its measurements can be exploited
to measure the external forces acting on the chain: if theaseas on the end-effector, it naturally provides
the wrenchfy, p v to initialize the wrench phase.

If the sensor is in a different position, i.e. in the middletbé chain, aSensorLinkNewtonEuleis
created. This class defines the sensor frame with respdu teth physical link {DynLink ), where the
sensor is attached to. Again, a “virtual” link is defined, ingvnot a correspondin@ynLink ; but in this
case it has a physical meaning because it represents therpoftthe s-th link between the sensor and
the s-th reference frame: so inertia, mass and COM for the “snki-lare defined. Then this class can be
integrated in th®©neChainNewtonEulexs shown in Fig. 2.3.
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Figure 2.3:0neChainNewtonEulexhere a FT sensor is in the middle of the chain, attached ta-the
iDynLink (highlighted in green).

In iCub limbs (both arms and legs), the FT sensor is instead plact#teimiddle of the chain: more
precisely in thend link of the arms §th if considering the arm with the torso) and in thed of the legs.
iCubArmSensorLinkand iCubLegSensorLinkare specific classes, with preset parameters of the sensor
and its “sub-link”. The unusual placement forced to desigiiffi@rent wrench phase in the Newton-Euler
algorithm, which was adapted to the new situation, as shaviig. 2.4.
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Figure 2.4: The Newton-Euler algorithm adapted to the caserva FT sensor is placed in the middle of
the chain. In the second and third row the two parts of the elrgghase: the links involved in each part
are highlighted in green.

The kinematic phase is unchanged: the kinematic informdtaws as in the “classic” case from the
base up to the final link. The wrench phase is instead spdittiab:

e first, the wrench measured by the sensor is forwarded te-thdink, in the so-called “attach”: then
the wrench information is propagated from théh link in the chain to the final link, in the so called
“wrench-forward”

e second, the wrench information is propagated backward fr@w-th link in the chain to the base
link, in the so called “wrench-backward”



Chapter 3
IDynlnv

iDynlnv is a set of classes for computing links’ forces, moments aimdg torques in a kinematic chain
where a single FT sensor is present, in any given positioth fanalso estimating its wrench given some
external wrench. The sensor measurements are used tbzeittee wrench phase of the recursive Newton-
Euler computations in the whole chain. The classes are:

iDyninvSensor. estimate the FT sensor wrench in a generic chain/limb

iDyninvSensorArm estimate the wrench for the FT sensor irCab arm (arm with blocked torso)
e iDyninvSensorArmNoTorsoestimate the wrench for the FT sensor irCab arm (arm only)

e iDyninvSensorLeg estimate the wrench for the FT sensor irCab leg

e iDynSensor compute joint torques given FT sensor measurements inerigezhain/limb

e iDynSensorArm compute joint torques ini&ub arm (arm with blocked torso)

e iDynSensorArmNoTorsocompute joint torques in @ub arm (arm only)

e iDynSensorLeg compute joint torques in &Cub leg

3.1 Description

iDyninvSensois a generic class, setting a FT sensor attached@y@Chain (again, the sensor position
in the chain is defined with respect to a certain link in theirthdy creating the correspondir@ensor-
LinkNewtonEulerand “attaching” it into th@dneChainNewtonEuleras shown in Fig. 3.1.

2 N N+1

0 1 S s+1 S+,
CBaSeLink) COneLink) o COneLink) (SEHSOVUHK) (OneUnk) i COneLink) (FinaILink)
(] [
0 s-1

s s+l N-1

Figure 3.1: The FT sensor is placed in the middle of the cliaite s-th iDynLink (highlighted in green).
The correspondin§ensorLinkNewtonEuldas then attached to the+ 1-th OneLinkNewtonEulem the
correspondin@®@neChainNewtonEuler

It is possible to compute an estimate of the FT sensor measunts by “attaching” the sensor to the
s-thiDynLink and applying the wrench computation of Newton-Euler athoni specifically the “wrench-
backward”. The kinematic information are not necessaryttiercomputation, so the kinematic phase is
skipped. A graphical representation is shown in Fig. 3.2.
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Figure 3.2: It is possible to estimate the FT sensor wrengbdoforming a wrench computation from the
s-thiDynLink (the corresponding+ 1-th OneLinkNewtonEuleis highlighted in green).

It is important to stress thatDynInvSensomssumes that the wrench of tkeh iDynLink has been
already computed in some precedent computati@yninvSensoonly performs the computation related
to the sensor. WhiléDynInvSensoiis generic for any limb,iDyninvSensorArmand iDyninvSensorLeg
are specific classes performing computations@ub arms and legs: by choosing left/right part (which
is automatically set given the left/right arm/leg), theyamnatically set the proper FT sensor parameters,
retrieved by CAD.

3.2 iDynFwd

iDynFwd is a set of classes for computing links’ forces, moments airdg torques in a kinematic chain
where a single FT sensor is present, in any given positior.SEmsor measurements are used to initialize
the wrench phase of the recursive Newton-Euler computatiothe whole chain. The classes are:

e iDynSensor. compute joint torques given FT sensor measurements inexigerhain/limb
e iDynSensorArm compute joint torques in &Cub arm (arm with blocked torso)
e iDynSensorArmNoTorsocompute joint torques in @ub arm (arm only)

e iDynSensorLeg compute joint torques in &Cub leg

3.2.1 Description

iDynSensois a generic class, which attaches a FT sensor iiidyaChain : the “attach” is again specified
by thes — th link hosting the sensor, the roto-translational matrixmafj the sensor frame with respect to
the link frame, and the dynamical parameters of the “suki*liretween the link frame and the sensor frame
(the portion of link between the sensor and the end of thé.lifke correspondingensorLinkNewtonEuler
is created and to the limb®neChainNewtonEuler The correspondin§ensorLinkNewtonEulevbject,
representing the “virtual” sub-link of the sensor, is cegbaind “attached” to theneChainNewtonEulexf
theiDynChain , as shown in Fig. 3.3.

2 +1

0 1 S s+1 S+, N N
CBaseLink) (OneLink) LLLLY] (OneLink) (SensorLink) (Oﬂeunk} LLLLL] (OneLink ) (FinaILink)
iDynLink ‘ iDynLink ‘ ‘ iDynLink ‘ iDynLink

0 s-1 s s+1 N-1

Figure 3.3: The FT sensor is placed in the middle of the cliaite s-th iDynLink (highlighted in green).
The correspondin§ensorLinkNewtonEulds then attached to the+ 1-th OneLinkNewtonEulem the
correspondin@®@neChainNewtonEuler

The FT sensor measurements can be then exploited to ingtidde wrench phase of the Newton-Euler
recursive algorithm, starting from the sensor instead @ftihd-effector of the chain (or the final link of the
chain, represented Wi¥inalLinkNewtonEule). More precisely, the sensor wreneghis “forwarded” to the
i — th link, then the wrench computations are split (see Fig. 3.4):
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e from thei — ¢h link to the base of the chailBaseLinkNewtonEule)y, wrenches are computed with
the classical backward formula

e fromthei—th link to the end-effector of the chaifihalLinkNewtonEule), wrenches are computed
with the “inverse” forward formula

s+1 2 N
wre wre wre

0 1 s S+ N+1
(BaseLink) ( OneLink) "'"(OneUnk) (SensorUnk) fwd COneL'mk fwd OneLink) i (onelink > fwd (" Finallink )

Fs,Ms

2 s s+1 N
wre wre wre

0 1 N+1
i bwd i bwd [ i \ i ; bwd q LT ( i ) ( i i )
‘ BaseLink ’ COneLmk \_ Onelink ) Onelink K Onelink Onelink FinalLink

Figure 3.4: Given the FT sensor wrench measurements, thectvgghase is split.

The kinematics phase is precedent and the kinematics \esiabe “forwarded” from base to end, in
theiDynChain , which provides all the interface methods to launch propiee phases in the correct order.
It is interesting to point out thatDynSensoiis derived from iDyninvSensor, so it also provided all the
useful methods to estimate the sensor measurements gextdgrnal wrench acting on the end-effector
of the chain.

iDynSensorArm, iDynSensorArmNoTorsand iDynSensorLeg derived from iDynSensor, are
specific for theiCub limbs which are provided with a FT sensor: legs and armsparticular they are
already “loaded” with the description of the specific FT seawith respect to their limbs, so the user does
not need to set the link index nor any other sensor paranmasy, COM, etc.). The parameters have been
retrieved by theCub CAD design.

3.3 iDynBody

iDynBody contains a set of base classes for connecting multiple lamolssolve whole body dynamics.
The classes are:

e RigidBodyTransformationa class for connecting a limb to a node

e iDynNode: the base class defining a connection between/among neuitiibs

e iDynSensorNode a node where one or multiple limbs have a FT sensor

e iDynSensorTorsoNodea specific structured node, used to deif®ab upper and lower torso
e iCubUpperTorso head, left and right arm

e iCubLowerTorsa torso, left and right leg

e iCubWholeBody. head, torso, and both left and right arms and legs

3.3.1 Description

iDynNoderepresents a virtual node where multiple limbs are condeeted may exchange kinematic and
wrench information among them. Multiple limbs can be at&atko the Node, but at least one must be
attached.

1There are two differentDyn classes for definingCub ’s arms: the first is inherited froiKin , meaning that the chain of the
arm also contains the 3 torso links, which are blocked (l#ddinks are not counted in the DOF but are necessary for tireato
computation of the Jacobian, referred to the base of the)totise second only contains the true arm links and does neat thee
torso ones. Since users acquainted witin may prefer that convention, both options have been coreiddihe difference between
iDynSensorArmand iDynSensorArmNoTorsés the index of the link whom the sensor is attached to.
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The mutual exchange between node and limbs (full duplex)asaged used RigidBodyTransfor-
mation class, containing the roto-translational matrix whichaliges the connection, and the type of
“flow” of kinematic and wrench variables: from limb to node&T _NODE IN) or from node to limb
(RBT_NODE_OUT). One limb can be attached to a node at the base or at the fudeef this, combined
with the information flows, affects the computations in farar the application of the Newton-Euler algo-
rithm while solving the limbs dynamic. The node is empty atiteations. When the limbs are “added” to
the node, a progressive number is assigned to each limbjte/RigidBodyTransformation this number
is the limb ID, and is used to address the limbs correctly wdetting external informations, e.g. measured
forces.

If one or multiple limbs have a FT sensor, the node evolvesiibyaSensorNode which also keeps
track of the iDynSensors of each limb: again, the limb progressive ID number is usethatch each
couple limb-sensor.

Both iDynNodeandiDynSensorNodeare generic base classes: one can start from them to build any
kind of robot, as the interconnection of multiple nodes andtiple limbs. An example of use of the two
nodes is presented in Fig. 3.5: then in Fig. 3.6 an examplewffiir iDynNodeis shown, while in Fig. 3.7
for iDynSensorNode

- K FinalLink
FinalLink

( OneLink )4— iDynLink
. . . OnelLink iDynLink
OnelLink iDynLink
. ) ) Onelink iDynLink
Onelink iDynLink
. BaselLink
BaselLink

iDynLink

0

RBT
RBT
iDynSensorNode
iDynNode
RBT
RBT

( OneLink )4— iDynLink
( Onelink )<— iDynLink
( OnelLink )(— iDynLink
(OLLink)<— iDynLink
SensorLink

( Onelink )4— iDynLink ( Onelink )(— iDynLink

FinalLink ( OnelLink )4— iDynLink
FinalLink

Figure 3.5: Examples abynNodeandiDynSensorNodewith a 3DOF and a 4DOF limbs attached.

3.3.2 iCub’swhole body

A particular type ofDynSensorNodés theiDynSensorTorsoNodet connects a central-up limb, a left and
right limb (calledup, right andleft), when both left/right limb have FT sensors and the centpabne uses
the kinematic and wrench information coming from some ekinput (a sensor ori®@ynSensorNodé.
This class has been created as it is the basi&CigdnUpperTors@andiCubLowerTorsg which have some
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Figure 3.6: The flow of kinematic and wrench information irypitaliDynNode.
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kinematic information is not propagated in the sensors.
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structural analogies. In fadCub 's body can be described by the connection of two big nodesapper
body, consisting of head, right and left arm, and tbeer body, consisting of torso, right and left arm.
In both cases, the limbs are attached to the node via thed, basl the information flows are the same:
legs and arms are identical from a conceptual point of vieveeshands and feet are end-effectors, and all
have a FT sensor in the middle of the chain. Head and torsdsuesinilar, because both have external
kinematic and wrench inbound information (the inertial s@min the head, and the upper node for the
torso). Hence, the two nodes share the same structure.

iCubWholeBodyis the ultimate class, describin@ub in terms of connection between upper and lower
body: the upper torso is connected to the lower throudtigiddBodyTransformation connecting the
iCubUpperTorsavith the final link of theiCubTorsoDynchain, iniCubLowerTorsa The the whole body
can be accessedCubWholeBodys merely a container: pointers to upper and lower torso thjee
accessible, so all public methods of the two objects can bé.us

Node Limb Hy Hgrpr
—0.9659 0 0.2588 0.0031
. 0 1 0 —0.0500
UpperTorso| iCubArmNoTorsoDyn R eye _095%88 0 —0.9659 —0.1103
0 0 0 1
0.9659 0 —0.2588 0.0029
. 0 —1 0 —0.0500
UpperTorso| iCubArmNoTorsoDyn L eye _092588 0 —0.9659 0.1100
0 0 0 1
UpperTorso| iCubNecklnertialDyn eye eye
UpperTorso iCubTorsoDyn eye eye
LowerTorso iCubTorsoDyn eye eye
1 0 0 0 0O -1 0 —=0.1199
. 0 1 0 0.0681 0 0 0 0
LowerTorso| iCubLegNoTorsoDyn R 00 1 —01199 1 0 -1 —0.0681
0 0 O 1 0 0 0 1
1 0 0 0 0O -1 0 —=0.1199
. 0 1 0 -—0.0681 0 0 0 0
LowerTorso| iCubLegNoTorsoDyn L 00 1 —01199 1 0 -1 00681
0 0 O 1 0 0 0 1

Table 3.1: The RBT roto-translational matrix for ti@@ub whole body.
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Figure 3.8: The scheme o€ub 's whole body, as the connection between twoibignSensorNode the
iCubUpperTorsq consisting of head and arms, and iBabLowerTorsq consisting of torso and legs. The
RigidBodyTransformatiowonnecting the upper and the lower torso via the torso limtigalighted in
cyan. The available sensors are also put in evidence: thigalngensor (green) on top of the head, which
is the source of kinematic information; and the FT sensorramsaand legs (pink), which are the sources
of wrench information.
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Figure 3.9:iCub 's whole body, with evidence of nodes and limbs.
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Figure 3.10: The flow of kinematic and wrench informatiori@ub whole body, when only the inertial
sensor information is available (highlighted in green) and=T sensor on arms/legs are available: in this
case, arms and legs in the wrench phase are initialized Wi dxternal” wrench, acting on the end-
effector, and set in the final link. If there are FT sensorshasé end-effectors, their measurements can be
used; otherwise the external wrench is null by default. Tiherkatic flow is the green arrow, the wrench
flow is the magenta arrow.
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Figure 3.11: The flow of kinematic and wrench information@ub whole body, when the inertial sensor
information is available (highlighted in green) and FT seren arms/legs are available: in this case, arms
and legs in the wrench phase are initialized with the sensasorements, and the wrench phase (split
into two parts) is performed by a propeéDynSensor. The head wrench is instead null by default. The
kinematic flow is the green arrow, the wrench flow is the mageantow.
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